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METHOD FOR MEASUREMENT OF GAS FLOW VELOCITY, METHOD 
FOR ENERGY CONVERSION USING GAS FLOW OVER SOLID 
MATERIAL, AND DEVICE THEREFOR 

5 Field of the invention 

The present invention relates to a method for energy conversion by gas flow over 

solid materials. More particularly, the present invention relates to a method for the 

generation of voltage and current by gas flow over solid material such as doped 

semiconductors^ graphite, and the like. In particular, the present invention also tdates to 

10 a method for die conversion of .energy by a gas flow over a solid material using a 

combtaadon of the Seebeck effect and Bernoulli's principle. The present invention also 

relates to a mediod for die measurement of vdodty of a gas along the ^low thereof as a 

function of die dectridly generated in the solid material due to the flow of die gas along 

die surfeice thereo£ 

15 Background of the invention 

The measurement of gsis vdodty along die direction of flow is of significant 

importance in several applications. For example, an accurate determitiation of wind 

velocity over oceans or dvers along the direction of die flow is itnportant in predicting 

tidal patterns, potential weather fluctuations, etc 

20 The measurement of wind velodtjr is also of importance in aeronautics such as in 

wind tunuds to determine die aerodynamics of aircraft designs. Another area where 

determination of wind velocity is of importance is m airports wherein an accurate 

determination of wind velocity will increase the safetj- factor in the landing and take off 

of airplanes. Another area where determination of wind velocity is of importance is in die 

25 field of disaster management The accurate determination of wind vdodty is useftil for 

determining the potential for natural disasters like typhoons, tornadoes and avalanches. 
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The detenninatioa of gas flow velocity as a function of electridtjr genetated due to 
flow of the gas along a solid material has the added benefit of energy conversion. Thus, 
die kinetic energy of the gas is converted into electrical energy. This phenomenon has 
tremendous importance in aresis such as medical instrumentation, metrology, pollution 
. 5 detection, automobile indiistry, aircraft and microscopy. 

Several methods are known in the art for the measurement of gas velocity along 
its flow. For example, one method of low speed flow field velocity determination 
comprises particle imaging vdocimetty^ which comprises suspending aerosol partides in 
the gas. A feist charge coupled device is provided across die planar cross section of the 

10 flow in order to image the colloidal partides. Hie small seed colloidal partides are 
illuminated using a laser light sheet The charge coupled device camera dectronically 
records the light scattered firom the partides. Analysis of the image obtained enables 
determination of the partide separation, and thereby the vdocity of the partides, which 
are assumed to follow the padi of the flow. 

15 However, this method has several disadvantages. The primary disadvantage is the 

tmderiying assumption that the movement of all the colloidal partides assume the 
direction of the flow. This is not necessarily true in the case of large sized partides or in 
the case of ver\- low velocities. Thus, the application of this method is limited to 
velocities of greater than 2 cm/s. It is thus, also important in tiiis method, to ensure that 

20 the partide size is small enough to ensure that the particle follows the Qow of the gas but 
at the same time is large enough to effectivdy scatter light. The equipment required 
lasers, CCD cameras) is also large in size. Another disadvantage is diat the method is 
dependant entirdy on image anal)'sis and thereby on the analysis algoritfims. Since the 
particle itn^ging velodmetry method measures the vdodty of the colloidal partides and 



wo 2004/070324 PCT/IN2003/000281 

there is no direct distal signal corresponding to die gas velocity, the flow velocity of pure 
gas cannot be measxired. The mediod also is not appropriate for systems where optical 
access is absent Another disadvantage is diat die equipment required such as lasers and 
charge coupled devices are expensive. 

Another method known in the prior art for gas velocity measurement is Doppler 
velodmetry which comprises measutement of the Doppler shift of scattered light from 
the gas. The mediod relies on the fluctuation in die intensity of scattered light received 
from a gas when passing throu^ die intersection of two laser beams. The Doppler shift 
between the incident and die scattered lig^t is equal to the frequency of die fluctuation of 
intensity which is dierefore proportional to die component of gas vdodty lying in die 
plane of the two laser beams and peipendiailar to their bisector. However, dais method 
also suffers from several disadvantages. The -mediod is operable where the particle 
vdodtifis are greater than 0.1 cm/sec. This mediod also requires large and expensive 
equipment such as a plurality of lasers and digital counters. Anodier significant 
disadvantage of diis mediod is diat it is restricted to a single point measurement Similar 
to partide imaging vdocimetiy, diis method also requires diat die partide size be small 
enough to flow along die gas floW padi easily but large enough to produce die required 
signal above the noise direshold. This mediod also does not work in systems where 
optical access to the gas flow path at die measurement volume is absent Signal level 
depends on die detector soUd an^e. As a result while die Mie scattering intensity is 
substantially better in die forward direction, it is difficult to set up forward receiving 
optics which remain aligned to die moving measurement volume. Greater noise at higher 
speed widi radio frequency interference is possible. Again, similar to die PIV mediod, die 
flow vdodty of unseeded gas cannot be measured since diere is no direct digital signal 
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corresponding to the gas velocity. This method is appropriate only for gas containing 
colloidal parddes and not for dear gas. 

US Patent 3,915^72 and 6,141,086 disdose a Laser Doppler vdodmeter for 
measurement of vdodty of objects or wind so as to determine the speed or relative speed 
5 of the object (such as for example an automobile) or in the case of wind measurement, 
the trae air speed or wind gradients such as wind shear. 

Another known method to measure fluid vdodty comprises the measurement of 
heat transfer change using a dectrically heated . sensor such as a wire or a thin film 
maintained at a constant predetermined temperature using an dectronic control circuit 
10 Tlie heat sensor is eicposed to the fliaid whose vdodty measurement is to be taken. The 
fluid flowing past the sensor cools the heat sensor which is compensated by an increased 
current flow firom the dectronic control circuit Hius, die flow vdodty of the fluid can 
be measured as a function of the compensating current imparted to die heater by the 
dectronic control circuit 
15 However, in this method a slight variation in the temperature, pressure or 

composition of the fluid under smdy can result in erroneous readings. In order to 
maintain a relativdy accurate measurement from the heat sensor, it is also necessary to 
provide complicated compensating dectronics for constandy calibrating the sensor 
against atiy change in environmental parameters. In addition, even such compensating 
20 electronics can be subject to error. Tlie sensor generally is operable at fluid vdocities of 
greater dian 1 cm/second and not for very low vdodties. At low vdodties, die 
convention currents in the gas cause a malfunction in die sensor. 

US Patent 6,470,471 discloses a gas flow sensor using a heated resistance wire 
commonly cafled a hot wire anemometer. US Patent 6,112,591 disdoses a hig^ response, 

4 
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heat transfex detectbn type flow sensor mamifectured using micro-machining technology 
for IC production. This sensor has an improved efficiency of heat transfer from a heating 
dement to heat receiving (sensing) element by controlling the direction of the gas flow 
between the elements or by using the characteristics of the fluid flow therein. 

It is also known to calculate flow fluid velocity in hig^ viscosity fluids using a 
plurality of pairs of piezo-resistive pressure sensors across an integrated fluid restriction 
in order to measure the differential pressure. However, this device measures the 
volumetric flow rates and not flow velocities. Also, this method is suitable only for 
measurement of small flow rates. 

Yet another method for the measurement of flow velocities comprises the use of 
rotary flow meters wHch work on an arrangement of turbine wheeU. The motion of the 
gas through the turbine, otherwise called the rotor wheel, causes the turbine to rotate. 
The rotational frequency of the rotor wheel d^ends on the velocity of the gas and is 
measured using either an dedro-optical system or by dectronically sensing the square 
^^-ave pulse generated by mi^ets embedded in the turbine vanes. The size of the sensor 
arrangement is also to the ord^ of 50 cm^. The rotary flow meter is suitable for use in 
cooling systems irrespective of the nature of the gas (dear or seeded) and the sensor can 
determine if the gas is flowing in the forward or reverse direction. 

As can be seen from die above discussion, the various methods known in the art 
for die measurement of flow velocities suffer from various disadvantages. Both partide 
imaging velodmetry and Doppler vdocimetry require optical access and use lasers. As a 
result the>- are not suitable for example, in biological systems. The equipment size is also 
large rendering it expensive. Thermal anemometry requires large volumes of gases in 
order to minimize convection currents and generally is suitable only for large vdodties. 
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Thus it is not sviitable for systems which involve small volumes of fluids flowing at low 

flow velocity. Rotary flow meters, pressure sensors and vortex flow sensors do not 
measure the flow velocities directiy but rather the volumetric flow rates. 

. Another impon^t area of investigation is the conversion of energy and energy 
conversion devices which are economical and possess a long life. Another area where 
energy conversion devices are required is for supply of electricity for domestic and 
industrial use. Currenfly, the demand for electrical energy woridwide is met by one of 
three sources: nudear power, thermal power and hydroelectric power. Nuclear power 
plants require expensive safety equipment and measures in view of the potential for 
radiation leakage. Thermal power plants use fossil fuels, which resxilt in the attendant 
problems of pollution and also suffer from reduced supplies due to depletion of fossil 
fixds and oiL Hydrodectric power requires large dams to be constmcted and is 
completdy dq)endant on water flow in a river or any otiier water source. The equipment 
required is also expensive and occupies a large area. Of the various devices and methods 
of flow vdodly measurement, only one, namdy rotary flow sensor can actually also 
generate dectridty due to the action of the fluid flow across the turbine blades. However, 
the magnitude of the power generated in rdation of the size of the device renders it 
unsuitable for use for large scale energy conversion. 

It is also known in the art to generate electricity by wind power comprising 
wiadmills which utilize the flow of wind to generate dectridty by the turning of turbines 
attached thereto. However, tiiis method has the disadvantages of requiring a high degree 
of capital investment and space. 

Ghosh et al. Science^ 2999, 1042 (2003) and US Patent AppHcation No. 10/306,838 
teach that the flow of liquids over single wall carbon nanotubes results in the generation 
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of decttidty in the flow direction axid can be utilized for the measurement of liquid 
velocities. This disclosure also teaches tliat the induced voltage has a logarithmic 
dq>endence on flow vdodty over the entire range of velodttes 10-^ to lO-^ m/s. It is 
believed that this is due to the direct forcing of the iBcee charge carriers in the nanotubes 
5 by the fluctuation of die Coulombic field of the liquid flowing past the nanotubes in 
terms of pulsating asymmetric ratchets. This results is a sub-linear dependence of induced 
voltage on the flow velocity- However, this phenomenon was specific to one-dimensional 
nature of the carriers in the nano-tubes and was absent in other solid material such as 
graphite or semi-conductors. Krai & Sh^iro, 'Pbys. Rev. Lett.:, 86, 131 (2001) teach the 
10 generation of dectric current and voltagp by the transfer of momentum firom flowing 
liquid molecules to the acoxistic phonons in a nanotube as the phonon quasi-momentum, 
^vhich in turn drags fi^e charge carriers in the nanotube- This results in a linear relation 
between tiie induced current/ voltage and the flow velocity. 

In view of the large abundance of wind and other gases, it is desirable to develop a 
15 method and a device whereby the flow of gases can be utilized to convert energy 
irrespective of the scale of energy required as well as measurement of flow velocities of a 
low range irrespective of die nature of the gas. 
Objects of the invention 

The main object of the invention is to provide a method for the determination of 
20 flow velocity of a gas along the direction of the flow as a function of the electricity 
generated due to the flow of the gas across a solid material. 

It is yet another object of the invention to provide a method for the determination 
of flow velocity of all gases irrespective of their nature which does not require optical 
access, is operable even at low flow velocities, irrespective of flow volumes. 

7 
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It is yet aaodier object of the invention to provide a metiiod for the determination 
of flow vdodties which does not require any external seeding with coUoidal partides of 
determinate size in the gas and is not susceptible to variations in external parameters at a 
particular flow plane or viscosily. 

Another object of the invention is to provide a method for the generation of 
dectridty without reliance on any nudear, thermal or hydrodectdc power source and 
based purdy on the flow of a gas. 

It is yet another object of the invention to provide a flow sensing device for 
measurement of flow vdodties of gjises vMdb. is opetable even at very low flow 
vdodties with accuracy in measurement and low response times. 

It is a fiirther object of the invention to provide a flow sensing device which by its 
simplicity and small size of construction is economical, does not result in any turbulence 
in the g?is flow thereby ensuring accuracy in flow vdodty measurement, and is 
impervious to variations in external parameters such as ambient temperature. 

It is another object of the invention to provide a flow sensing device which is 
operable irrespective of the nature of the gas (whether dear or turbid, hi^ or low 
viscosity) with accuracy in measurement and low response times. 

A further object of the invention is to provide a flow sensor device that does not 
require any external source of power for its operation. 

It is another object of tlie invention to provide a flow sensor device capable of use 
as an energy conversion device capable of generating dectrical energy based on gas flow. 

It is a furtiier object of the invention to provide an energy conversion device 
which by its simplidty of construction is economical, does not result in any turbulence in 



8 
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the gas flow thereby ensudng accuracy in flow velocity measurement, and is impervious 
to variations in external parameters such as gas or ambient temperature- 

A further objert of the invention is to provide an energy conversion device that 
does not require any external source of power for its operation. 
Summary of the invention 

The above and other objects of the invention are realized by the method of the 
invention which comprises the use of solid material such as graphite, semiconductors, 
single wall or multirwaU carbon nanotube, and other solid material which is conductive in 
nature, as flow sensors. Bofli metbods of liie invention, namety, gas flow velocity 
measurement and enagjr conversion ate based on flie induction of current/ voltage in the 
solid material due to the flow of a gas across their sur£a.ce and along direction of the flow- 
Accordingly, the present invention provides a method for tiie determination of 
gas flow velocities irrespective of die nature of the gas or die flow velocity thereof whidi 
comprises positioning a flow sensing device in a gas flow, said flow sensing device 
comprising of at least one dectrically conducting solid material positioned at an an^e to 
the gas flow, at least one conducting element connecting said at least one conducting 
material to a electridty measurement means, the gas flow over said at least one soUd 
material generating a flow of electricity along the direction of die gas flow due to die 
pressure gradient de\'eloped across the sofid material, said electrical energy being 
transmitted by said conducting element to said electricity measurement means provided 
extoiial to the gas flow, to measure die electricity generated as a function of the rate of 
flow of said flow. 

In one embodiment of the invention, die solid material comprises a material widi 
a high Seebeck coefficient 
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In another embodiment of the invention, the solid material is selected from the 
group consisting of doped semiconductor, grapliite, single wall type carbon nanotube, 
multi-wall type carbon nanotube, and metallic material witih a high Seebeck coefiBdent. 

In another embodiment of the invention, the doped semiconducting material is 
5 sdected from the group consisting o€ n — Germanium,^ — Germanium, n — silicon and p 
— silicon. 

In another embodiment of tlie invention, the metallic material is sdected from 
polyctystalline copper, GaAs, Tdluttum and Sdenixmi. 

In anodier embodiment of the invention, the gas is sdected from the groiq> 
10 consisting of nitrogen, aigon^ oxygen, carbon dioxide and dr. 

In another embodiment of the invention, llie response time of the flow sensing 

device is less than 0.1 second. 

In another embodiment of the invention, the induced voltage in the solid material 
due to tie flow of the gas dqpaids on a temperature difference across the solid material 
15 along the direction of invisdd flow. 

In another embodiment of the invention, gas vdodty is in range of 1 to 140m/ s. 
In yet another embodiment of the iavention, the gas flow across the solid material 
is at an angle in the range of 20^ to 70^, preferably 45^ 

The present invention also provides a flow sensing device useful for measurement 
20 of gas flow velodties irrespective of the flow vdodty or the nature of the gas, said device 
comprising at least one gas flow sensing dement and at least a conducting dement 
connecting said solid material to a dectridty measurement means. 

In one embodiment of the invention, the gas flow sensing dement comprises a 
solid material with good dectrical conductivity and high Seebeck coeffident. 

10 
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In anotier embodiment of the invention, the solid material is selected from the 
group consisting of doped semiconductor, graphite, single wall type carbon nanotube, 
multirwall type carbon nanotube, and metallic material with high Seebeck coef&cient. 

In another embodiment of the invention, the doped semiconducting material is 
5 selected from //-Germanijkn, j&--Germaiuum, TS^ilicon and ^>-silicon. 

In another embodiment of die invention, the metallic material is selected from 
polycrystaUine copper, GaAs, Tellurium and Selenium. 

In another embodiment of the invention, the gas is selected from the group 
consisting of nitrogen, argon, oxygen, carbon dioxide and air, 
10 In a, further embodiment of the invention, the electridty measurement means 

comprises a ammeter to measure tie current generated across the opposite ends of said 
at least one or more solid material or a voltmeter to measure the potential difference 
across the two opposite ends of the said one or more solid matetiaL 

In another embodiment of the inveutioii, the flow sensing device comprises of a 
15 plurality of doped semiconductors all connected in series or parallel with a single 
conducting element each being provided at the respective extreme ends of the said 
plurality of doped semiconductors. 

In a further embodiment of tiie invention, the said plurality of doped . 
semiconductors are connected in series so as to measure the potential difference 
20 generated across the ends of die said plurality of doped semiconductors. 

In yet anodier embodiment of the invention, the said plurality of doped 
semiconductors are connected in parallel to each other so as to enable determination of 
the current generated across the two ohmic contacts formed by the respective conducting 
elements at the ends thereof 

11 
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In anotlier embodiment of the invention, the gas flow sensor comprises of a 
matrix consisting of a phirality of gas flow sensing elements consisting of solid materials 
connected by metal wires, the entire matriy being provided on a high resistance nndoped 
semiconducting base, said semiconducting base being connected to a electricity 
5 measurement means. 

In a further embodiment of die invention, the electddty measurement means is 
selected ficom a voltmeter and an ammeter. 

In another embodiment of the invention, die gas flow sensing elements forming 
the TP^triv and the metal wires connecting said gas flow sensing elements are provided on 
10 a single ch^. 

In another embodiment of die invention, the gas flow sensor comprises of 
alternate stt^s of n and p lype semiconductors, each n and p type semiconductor strip 
being separated from its immediate neighbor by an thin intervening layer of undoped 
semiconductor, said alternate std|)S of niindp type semiconductors being connected by a 
15 conducting strip, said alternate strips of n and p type semiconductors with intervening 
undoped semiconductor layers, and conducting strip being provided on a semiconducting 
base material, electrical contacts being provided at two opposite ends of the base material 
and connected to a electricity measurement means. 

In another embodiment of the invention, die flow sensing device comprises of a 
20 plurality of carbon nanotubes all connected in series or parallel with one conducting 
element each being provided at respective extreme ends of plurality of carbon nanotubes. 

In a further embodiment of the invention, the said pluraHty of carbon nanotubes 
are connected in series so as to measure die potential difference generated across die 
ends of the said plurality of carbon nanotobes. 

12 
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In ytt another embodiment of the invention, the said pluiality of nanotubes are 
connected in parallel to each other so as to enable determination of the current generated 
across the two ohmic contacts formed by respective conducting elements at ends thereof. 

In yet another embodiment of the invention, the flow sensing device is provided 
on a insulated base. 

In one embodiment of the invention, the conducting element comprises of a wire. - 
In a further embodiment of the invention, the conducting element comprises an 
electcode. 

In yet another embodiment of the invention, the conducting dement comprises of 
a combination of a wire connected to an dertrode. 

The invention also relates to method for the generation of dectocal energy using 
an energy conversion device comprising at least one energy conversion means, at least a 
conducting dement connecting said energv conversion means to a dectridty storage or 
usage means, the flow of a gas across the en^gy conversion means resulting in 
generation of a Seebedc voltage bdng generated in eadi energy conversion means along 
die direction of the gas-flow, thereby generating dectrical energy, said decttical energy 
bdng transmitted to the energy storage or usage means through die conducting dements. 

In one embodiment of die invention, the energy conversion means comprises a 
soUd material with good dectrical conductivity and high Seebeck coeffident. 

In another embodiment of die invention, die solid material is sdected from die 
group consisting of doped semiconductor, graphite, a sin^e wall type carbon nanotube. a 
multi-wall type carbon nanotube, and metallic material widi a high Seebedc coeffident 

la anodier embodiment of the invention, die doped semiconducting material is 
sdected from group consisting of /M5ermanium,>-Germanium, ^-silicon and>-siHcon. 

13 
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In another embodiment of the invention, die metallic material is selected from 
polycrystalline copper, GaAs, Tellurium and Selenium. 

In another embodiment of the invention, the gas is sdected from the group 
consisting of nitrogen, argon, oxygen, carbon dioxide and air. 

In another embodiment of the invention, the flow sensing device comprises of a 
phttality of doped semiconductors all connected in series or parallel with a single 
conducting element each being provided at the respective extreme ends of the said 
plurality of doped semiconductors. 

In a further embodiment of die invention, the said plurality of doped 
semicgnductors ate connected 3n series. 

In yet another embodiment of the invention, the said plurality of doped 
semiconductx^rs are coimected in paralleL 

In another embodiment of the invention, the energy conversion device comprises 
of a matrix consisting of a plurality of gas flow sensing jdements consisting of solid 
materials connected by metal wires, the entire matrix being provided on a high resistance 
undoped semiconducting base, said semiconducting base being connected to a electricity 

storage or usage means. 

In another embodiment of the invention, the gas flow sensing elements forming 
die matrix and die metal wires connecting said gas flow sensing elements are provided on 
a singjle chip. 

In another embodiment of die invention, the energy conversion device comprises 
of alternate strips of n andp type semiconductors, each n andp type semiconductor strip 
being separated from its immediate neighbor by an thin intervening layer of undoped 
semiconductor, said alternate strips of n and p type semiconductors being connected by a 

14 
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conducting stop, said altematse strips of n and p type semiconductors wirii intervening 
undoped semicondvictor layers, and conducting strip being provided on a semiconducting 
base material, electrical contacts bdng provided at two opposite aids of the base material 
and connerted to a dectricity storage or usage means. 

In another embodiment of tte invention, the energy conversion device comprises 
of a plurality -of carbon nanotubes all connected in series or parallel with a single 
conducting element each bdng provided at the respective extreme ends of the said 
plurality of carbon nanotubes. 

In a further embodiment of the invention, the said pluralily of caihon nanotubes 

ate connected in series. 

In yet another embodiment of the inventi^on, the said pluraUty of nanotubes are 

connected in paralld. 

In yet another embodiment of the invention, the energy conversion device is 

provided on an insulated base. 

In one embodiment of the invention, ib& conducting dement comprises of a wire. 

In a further embodiment of the invention, the conducting dement comprises of 
an dectrode. 

In yet another embodiment of the invention, the conducting dement comprises of 
a combination of a wire connected to an dectrode. 

In another embodiment of the invention, the energy storage means comprises of a 

battery or storage cdL 

In another embodiment of die invention, the response time of the flow sensing 

device is less than 0.1 second. 



15 
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In another embodiment of the invention^ llie induced voltage in the solid material 
due to ihe flow of the gas depends on a temperature difference across the solid material 
along the direction of invisdd flow. 

In yet another embodiment of the invention, tiie gas velocity is in the range of 1 
5 to 140 m/s- 

In yet another embodiment of tiie invention, the gas flow across die solid material 
is at an an^e in the range of 20** and 70°, preferably 45**. 

The invention also relates to an energy conversion device comprising a energy 
generation means comprising one or more energy conversion means, each said one or 

10 more energy conversion means comprising of at least one solid material with a high 
Seebeck coefficient, at least one conducting element connecting said at least one energy 
conversion means to a dectridly storage or usage means to store or use the electricity 
generated in the said one or more energy conversion means due to a gas flow across tiie 
energy conversion means. 

15 In anotiier embodiment of the invention, the solid material is selected from the 

group consistir^ of a doped semiconductor, graphite, a sin^e wall type carbon nanotube, 
a multi-wall type carbon nanotube, and metallic material with a high Seebeck coefficient 

In another embodiment of die invention, the doped semiconducting material is 
selected from the group consisting of // — Germaniiun, p — Germaniimi, /? — silicon and p 

20 — silicon. 

In another embodiment of the invention, the metallic material is selected from 
polycrystalline copper, GaAs, Tellurium and Selenium. 

In another embodiment of die invention, the gas is selected from the group 
consisting of nitrogen, argon, oxygen, carbon dioxide and air. 
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In a further embodiment of the invention, a electricity measurement means is 
provided connected to the one or more energy conversion means through said 
conducting element, comprising an ammeter to measure the current generated across the 
opposite ends of said at least one or more solid material or a voltmeter to measure the 
5 potential difference across the two opposite ends of the said one or more solid material 
In anodier embodiment of the invention, the energy conversion means comprises 
of a plurality of doped semiconductors all connected in series or parallel with a single 
conducting element each being provided at the respective extreme ends of the said 
plurality of doped semiconductors. 
10 In a furdier embodiment of the invention, the said plurality of doped 

semiconductors are connected in series. 

In yet another embodiment of the invention, the said plxirality of doped 
semiconductors ate connected in parallel 

In anotier embodiment of the invention, the energy conversion device comprises 
15 of a matrix consisting of a plurality of energy conversion means consisting of solid 
materials connected by metal wires, the entire matrix being provided on a high resistance 
undoped semiconducting base^ said semiconducting base being connected to a electricity 
storage or usage means. 

In another embodiment of the invention, the energy conversion means forming 
20 the matrix and the metal wires connecting said tnttgy conversion means are provided on 
a singjie chip- 
In another embodiment of the invention, the energy conversion means comprises 
of alternate strips of n and p type semiconductors, each n andp type semiconductor strip 
being separated from its immediate neighbor by an thin intervening layer of imdoped 
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semiconductor, said alternate strips of n and p type semiconductors being connected by a 
conducting strip, said alternate strips of n and p type semiconductors with intervening 
undoped semiconductor layers, and conducting strip being provided on a semiconducting 
base material, electrical contacts being provided at two opposite ends of the base material 
5 and connected to a electricity storage or usage means. 

In another embodiment of the invention, the energy conversion means comprises 
of a plurality of carbon nanotubes all connected in series or parallel with a sin^e 
conducting element each being provided at the respective extreme ends of the said 
plurality of carbon nanotubes. 
10 In a further embodiment of the inv^tion, the said plurality of carbon nanotubes 

are coimected in series. 

In yet anoflier embodiment of the invention, the said plurality of nanotubes are 
connected in parallel 

In yet another embodiment of the invention, the eneigy conversion device is 

15 provided on an insulated base. 

In one embodiment of the invention, the conducting element comprises of a wire. 
In a further embodiment of the invention, the conducting element comprises of 
an electrode. 

In yet another embodiment of the invention, die conducting element comprises of 
20 a combination of a wire connected to an electrode. 

In another embodiment of the invention, die electricity storage means is a battery. 
Brief description of the accompanying drawings 

Figure 1(a) is a schematic representation of the flow sensing device used in the 
method of the invention. 

18 
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Figure 1(b) is a schematic representation of the flow sensing device of the 

invention wherein the conducting elements are dearly displayed and depicting an ang^e of 

45"* to the horizontal axis of the gas flow. Angles between 20** and TO"** can also be used 

Figure 1 (c) is a graph of the typical response of the response obtained by a device 

wherein the flow sensing element was an n doped Ge in a flow of argon gas at a flow 

velocity of 7 m/s. 

Figure 1 (d) is another schematic representation of the device of the invention 
wherein an experimental set up is provided to achieve a calibrated gas flow velocity {ti) on 
the flow sensor. 

Figure 2 is a g^raph showing the dependence of the signal V on the flow velocity of 
nitrogen for (bottom to top) n-Si (filled up friangles)^ n-Ge (stars), graphite (open 
squares), Pt metal (plus), SWNT (open drdes), MWNT (open trian^es) and p-Si (filled 
trian^es). 

The inset in Figure 2 shows the dependence of V for n-Ge as a function of the 
active lengdi d for a fixed value of velocity (^), The soHd line is a fit to the equation 
V-a^ +a^{{\'^d/ y:>f^^^ — 1) where ai and a2 are fitting parameters and x/=0.5mm (firom 
sample geometry) 

Figure 3 is a plot of K versus square of the Mach number M (M =///r, where c is 
the speed of sound in the gas^ for the flow of nitrogen gas. The data and symbols are the 
same as in Figure 2. 

Figure 4 is a graph of K versus for the flow of argon (filled squares) and 
nitrogen (open circles). The inset shows the expanded plot of regime I. 

Figure 5 is a schematic of the device according to one embodiment of the 
invention showing various gas flow sensor elements connected by means of metallic 
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wkes in a matrix formation and provided on a high resistance and imdoped 
semiconductor substrate. 

Figure 6 is a schematic of another embodiment of the device of the invention 
showing alternate str^s of n and p type semiconducting material with interposed layers 
of undoped semiconducting material, the alternating n and p type semiconducting 
material being connected by means of a conducting str^, the entire assembly being 
provided on a semiconducting base provided -widi two electrical contacts for connection 
to a dectricity storage or electricity measurement means. 
Detailed description of the invention 

As discussed atoove in the bac^round to the invention, Ghosh et al, Smaee, 299, 
1042 (2003) and US Patent Application No. 10/306,838 teach that the flow of liquids 
along sin^e ymH carbon nanotubes results in the generation of electricity in the flow 
direction and can be utilized for the measurement of liquid velocities. This disclosure also 
teaches that the induced voltage has a logarithmic dependence on flow velocity over the 
entire range of velocities 10 to 10-^ m/s. It is believed that this is due to the direct 
forcing of the free charge carriers in the nanotubes by the fluctuation of the Coulombic 
field of the liquid flowing past the nanotubes in terms of pulsating asymmetric ratchets. 
This results in a sub-linear dependence of induced voltage on the flow velocity. However, 
this phenomenon \vas specific to one-dimensional structure of tiie carriers in the nano- 
tubes and w-as absent in other sohd material such as graphite or semi-conductors. 

It \%^s also noted that while liquid flow resulted in generation of electricity in a 
single wall carbon nanombe when die carbon nanotube was placed in a flow of Uquid at 
an an^e of 0° to the flow, a similar result was not obtained in a flow of gas when die 
angle of the carbon nanotube to die flow was O**. Thus, it was dear tiiat Coulombic' 
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interactioas as noted in liquid flow along a nanotube are not dominant in the case of flow 
of gas along a nanotube. However, it was observed that when the an^e of the nanotube 
was changed from 0°j a voltage was induced along the ends of the voltmeter, though such 
voltage was weak. Further experiments using gas flow with other solid materials such as 
graphite, semiconductors, platinum and other metalHc materials, multiwall carbon 
nanotubes, also provided the same results in some cases, ie. no voltage when the solid 
material was at an an^e of 0® and a voltage being generated when the solid material was 
at an angle of greater than 0° and 90* to the gas flow direction. It was surprising that to 
observe that a voltage and in some cases a good voltagp was generated when solid 
materials were placed in a gas flow at an an^e of greater than 0". This deady established 
that voltage generation was not a result of Coulombic interaction between the fluid flow 
and the free charges of the solid material as in the case of liquid flow. Fiirther 
experimentation established that the voltage generation was a result of an interplay of die 
Bemoullfs principle and the Seebeck effect Pressure differences along the g^ streamline 
resulted in temperature dififerences across the solid material, which in turn produced the 
measured voltage. The dectrical signal depended quadratically on the Mach number M 
where M = ul c where n was the gas vdodty and ^ is the sound vdocity in the gas. A 
direct generation of measurable voltages and currents was observed due to gas flow at 
even modest speeds over a variety of solids such as single and multi-walled carbon 
nanotubes, graphite, doped semiconductors, metalUc material with a high Seebeck 
coefficient For example, platinum where die Seebeck coefficient is close to 0, showed no 
voltage generation. 

The present invention therefore provides a method and device for the generation 
of dectridty due to the flow of different types of g^es such as nitrogen, argon, oxygen 
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air and the like over/across a variety of solid materials. The solid materials are 
substantially good conductors of electricity and can be selected from materials such as 
metallic materials, semiconductors, graphite, nanotiibes and the like. The primary 
requirement is that such materials have a good Seebeck coefficient. 
5 All embodiments of the present invention are based on the induction of electrical 

• energy in a solid material due to the flow of a gas across the solid material thereby 
generating a Seebeck voltage in die solid material. This is irrespective of the velocity of 
the gas flow or the tiature of the gas such as die purity or turbidity thereoi^ the volume of 
flow thereof at the measurement poiut, or any variations in external parameters such as 

10 pressure or density. 

The present invention will now be described with reference to the accompanying 
drawings which are illustrative of the invention and should not be construed as being 
limitative thereoE 

Figure 1(a) is a schematic representation of the device used for flow measurement 
15 of gas velocity according to the method of the invention. In the embodiment depicted, a 
single flow sensing element such as a n doped Ge semiconductor (1) is shown 
sandwiched between two metal electrodes (2,2') provided at each end thereof. The metal 
electrodes (2,2*) form ohmic contacts for the semiconductor (1). The combination of the 
semiconductor (1) and the metal electrodes (2,2') provided thereon are supported on an 
20 insulating material base (not shown) made for example of undoped semiconducting 
material or of any insulating material such as polytetrafluoroethylene. The insulating base 
wndi the semiconductor (1) and electrodes (2,2') are immersed at an angle of 45** to die 
horizontal axis of die gas flow (3) whose velocity is to be measured The gas flow is 
dirough a tube (4), The tube can be used to pass different gases at different velocities. 
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The electrodes (2,2*) ate connected to an electricity measurement means (5) such as a 
voltmeter through lead wires (6,6'). The voltage measurement means (5) is provided 
external to the tube (4). The direction of the flow of the gas in Figure 1(a) is depicted by 
the arrow throu^ the tube (4) which continues over the flow sensing element (1) . 
5 Figure 1(b) is a schematic representation of the flow sensing device of the 

invention wherein die conducting elements are dearly displayed and depicting die an^e 
of 45° to the horizontal axis of the gas flow. Other an^es between 20° and 70* can also 
be used. In Figure 1(b) the flow sensing element (1) is sandwiched between two 
declrodes (2,2*) which are in turn connected to the respective terminals of a decoidty 
10 measurement means (3) dirou^i leads (4), The direction of die acceletating flow of the 
gas is depicted by die continuous arrow, d represents the active portion of the device 
which is at an an^e of 45° to die horizontal axis of the flow direction. The schematic of 
figure 1(b) was used in example 3 bdow, wherdn the specific construction and results 

obtained -will be explained. 
15 Figure 1(c) is a graphical representation of die typical response obtained when die 

device of Figure 1(b) is used wherein n doped Ge is die flow sensing dement 

Figure 1(d) is a schematic representation of one embodiment of die device of die 
invention used to achieve a calibrated gas flow velocity on die soUd material of die 
device. The device of die invention comprises a flow sensing dement (1) connected at 
20 ddier end diereof to two respecti^-e conducting dements (2), said conducting dements 
bdng connected in turn to die positive and negative terminals of a dectridty 
measurement means such as a voltmeter (3). The flow sensing dement (1) is kept at an 
an^e of 45° to die horizontal axis of die gas flow from a gas source (4) such as a 
compressed &s cylinder dirough a mbe (5). The flow rate at die exit point of die tube (5) 
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is measured deduced from die measured flow tate at a side port (6) provided in die tube 
(5) using a rotameter (7). 

The present invention shows for die first time fihat there is a direct generation of 
voltage due to die flow of gases such as argon^ nitrogen and oxygen over soUd material 
such as doped semiconducting material, graphite, single wall carbon nanotube, multiwall 
carbon nanotube and the like which have a high Seebeck coefficient. The gas velocities 
utilized were in the range of 1 to 140 m/s- The present invention also demonstrates that 
voltage and current depend quadratically on the flow velocity and the magnitude and sign 
of the voltage depends on the properties of the solid material. For example, argon at a 
flow velodly of 11 m/s generated a voltage of -16.4 jJtV for n-type Ge but a voltage of 
5-9 jxV for single wall carbon nanotube. 

The phenomenon of voltage generation by the flow of gases is unrelated to a 
seemingly similar effect, viz, voltage generation by liquid over carbon nanombes 
discussed in Ghosh et al, Scie^fce, 299, 1042 (2003)[1] and US Patent AppUcation. No. 
10/306,838. In Aese documents, die induced voltage had a logarithmic dependence on 
the flow velocity over the entire range of velocities 10-' to 10 * m/s. The volta^ 
generation by die flow of liquids is very specific to the nature of the transport of charge 
carriers in one dimension, as manifested in SWNT and was absent in graphite. This is not 
so in die case of gas flow induced voltage in solids, where it depends on the generation of 
temperature difference across the solid along the direction of inviscid flow. This 
ob\'iously is not applicable to the flow of liquids where the viscous drag dominates. On 
comparing die signals generated in SVC'TnIT by the flow of liquid (water) and gas 
(nitrogen), it was observed that the K ~ 3iwKfor a = lO-W-f (water) and K= ISftV iot 
u = 15^/j (nitrogMi gas). 
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The present mvention also demonstrates that a sensor to measure the flow 
velocity of tie gases be made based on the generated electrical signaL The sensor of 
the invention is an active sensor which g?ves direct electrical response to the gas flow. 
This should be compared with the widely used gas flow sensor based on thermal 
anemometiy, wherein, the fluid velocity is sensed by measuring changes in heat transfer 
from a small, electrically-heated sensor (wire or thin fflm) exposed to the fluid. Thermal 
anemometiy works on heat balance equations and hence any small change in the 
temperature, pressure or composition of the gas can cause erroneous readings. Such 
effects are absent or are minimal in die case of the present invention and can, even if 
present, be taken into account in flie sensors based on die direct generation of gas flow- 
induced voltage or current in the sensor materiaL 

Though the present disclosure covers results for only for a few solids, the effect is 
not restricted to diese materials alone. The guiding principle for the choice of the soUd is 
its high Seebeci coeffident Therefore, solids such as selenium (S ~ 900 \i/K}, telharium 
(J ~ 500 iLV/K^, GaAs and rare earth transition metal oxides are also useful In the case 
of low doped semiconductors with p ~ lO^m, the voltage due to flxe gas flow is 
negligible, suggesting that the resistivitj- of die solid should not be very high. The 
magnitude of voltage and current can be easily scaled up by using a serial and parallel 
combination of sensing elements as depicted 

In Figure 5 of die accompanying drawings, a number of gas flow sensing elements 
(51, 51% 51'% ...) are interconnected in the form of a matrk using metal wires (52). The 
entire matrix is developed on a hi^ resistance undoped semiconducting base (53). This 
formation is useful as a energy conversion device due to die flow of gases(54) there 
across. The electrical signals obtained are first harnessed and then measured using a 
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voltmeter/ammeter (55)- The sensing elements and the metal connecting wires can be 
fabricated on a single chip. 

Following Allison et al, Semors and Actuators A, 104, 32, 2003 and Rowe, CKC 
Handbook of tbermoekarics^ Boca Ra.ton, FL, CRC Press, 1995, one embodiment is to take 

5 advantage of inverse Seebeck coefficients of n and p type Si or Ge. This embodiment is 
depicted in Figure 6 wherein the n and p type semiconducting strips (61) are alternated. 
The n and p type semiconducting strips are made by ion implantation. Strips of undoped 
semiconducting noaterial (62) are sandwiched between n and p type semiconducting strips 
(61). The n and p type semiconducting strips (61) are electrically bonded in series through 

10 a conducting trmtprial (63) to add the indxyidual Seeback voltages when the sample is 
exposed to the gas flow (64). The entire assembly is provided on a semiconducting base 
(65) and is coimected to a voltmeterammeter (66). The restits obtained surest that gas 
flow energy can be converted direcdy into the dectrical signal without any moving part, 
thus having a great potential for applications in generating electricity. 

15 Another significant advantage of the flow sensor device of the invention is that it 

does not require any external power source for qperation. On the contrary, the device of 
the invention generates electricity. Tlie movement of the gas across the solid material 
results in the generation of a current L The material along with the contacts have a 
resistance R, thereby enabling the formation of a voltage V across the sensor. 

20 The invention will now be explained with reference to the following examples, 

which are exemplary and should not be construed as limiting the scope of die invention. 
Example 1 

Figure 1(d) shows a schematic layout of the experimental set up used in example 1 
to achieve a calibrated gas flow velocity in the flow sensing device of the invention. Flow 
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sensing devices comprising 3 x 10-^ m aldng the gas flow and 1 x 10-^ m perpendicular to 
the gas flow were used- The flow sensing elements were made of n-type Ge (Sb doped, p 
- 0.01 C2a^^ n-Si {p - 0.01 Qcni), p-Si {p = 0.01 Qm), sin^e wall carbon nanotubes, 
mnltirwall carbon nanotubes, graphite and polycrysiallbe copper. The dectrical contacts 
comprised of copper leads of 125 x 10^ m diameter made using silver emulsion (shown 
in flie shaded region in Rgure 1(b)). The exposed area of the flow sensor element is not 
covered by the silver emulsion and was about 2 x 10-^ m along die flow and 1 x 10-^ m 
petpendiculat to the flow of the gas. The sensing dements comprising sing^ wall carbon 
nanotubes, multi-wall carbon nanotubes, and gr^hite were prepared by densdy packing 
the powder between the two dectrodes. The dimensions of the active soHd m a t p ri a l were 
about 1x10-3 ^ along the flow, 2 x 10-3 m and 2 x lO* m thick. Figure 1 (c) shows 
the voltage across a n-type Ge semiconducting based flow sensing dement where the gas 
flow was at a vdodty olu — 1 m/s and is switched on and oiL 

The results of nitrogen flow over p-Si, n-Si, n-Ge, SWNT, MWNT and graphite 
are depicted in Figure 2. The voltage V varies as over a wide range of » as does 
currait, which is not shown therein. Though at low vdodties as depicted in Figure 2, the 
gas is not compressible, // can be scaled by thermal speed (which is sound vdodty) to 
give a plot of Inversus the square of the Ivlach number M as depicted in Figure 3. M = 
///<•. where r is the sound velocit}- of the gas (=353 m/s for nitrogen and 323 m/s for 
argon at 300K). Figure 2 shows die fit to I ' = D//-' where D is a fit parameter as g^ven in 
Table 1, and the solid lines in Figure 3 are fit to = where ^ is the fit parameter 

which is also given in Table 1. 

Gas from a compressed q-linder with a maximum pressure of 150 bars is let out at 
a given pressure into a mbe of diameter 7 x 10^ m. The average vdodty u at the end of 
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the tube widi cross sectional area (41) is deduced from the measmed flow rate j2 by » = 
QJ^. The flow sensor is kept at an. ang^e of a = 45** with respect to the horizontal axis. 
This resulted in the optimal signal An angje of a = O"" resulted in no effect since the . 
pressure gradient was zero and an ang^e of a = 90*^ also gave no result due to symmetry. 
5 Example 2 

The same set up as in Example 1 was rq)eated except that the flow sensor 
dement was kept at a distance of 2 x 10-^ m from the exit point or 1 x IO-2 m outside the 
tube. The results obtained were similar to those in Example 1. 
Example 3 

10 The same experiment was repeated as in Example 1 except that the material in 

question was a solid polycrystalline copper sheet for which the slope of A was very small 
The results aire given in Table 1. 

A comparison of tlie various results obtained show that the signal for p-type Si 
and S^X^NT are opposite to diat for n-type Si, n-Ge, graphite and copper. SWNT samples 

15 axe usually unintentionally p-doped (Hone et PAyx Ijitt., 80, 1042, 1998 [4]; and 
Collins et al. Science, 287, 1801, 2000) [3] . This explains the sign of die flow induced 
voltage being die same for SWNT and p-Si. The inset of Figure 3 shows the plot of die 
sloped versus die Seebeck coefficients {S) of the solid materials used. The coefficient^ 
depends linearly on S as shown by the fitted line in the inset widi slope = 60K. 

20 Example 4 

The method of die invention was tested using two separate gases, nitrogen and 

argon in order to measure the voltages K generated over large values of over n-Ge. 

The results are shown in Figure 4. The inset in Figure 4 dearly shows that the slope A 

for M? < 0.05 (hereinafter referred to reg^e I) is higher for argon (solid squares in 
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Figure 4) as compared to that for nitrogen (open circles in Figure 4)- The ratio of the 
slopes >l(argon)M(nitrogen) = 1.2. It was established that there are two regimes by 
analysis of the mechajoism behind die generation of electrical signal induced by the flow 
of gases over the'solids. 

^ 5 For adiabatic steady invisdd flow of a gas, Bernoulli's equation gives the pressure 

difference along a streamline in terms of the Mach number M as 

where y = Cp/Gr; Cp (Cv) is the specific heat at a constant pressure (volume). The values 
for argon and nitrogen are 1.667 and 1.404 respectively,. In equation I, Po is die 
10 tn^iYitmiTri pressme at a point on the streamline where tihie vdodty is zero. Such a point is 
the leading edge on the surfece of the flow sensor element past which the gas is flowing 
and is called the stagnation point For the geometry shown in Figure 1(b) die pressure 
difference between the two ends of die sample exposed to the gas flow (without the 
electrodes) is given below in Equation 2. 

£l:z^^1(MI,-.mI). (2) 

15 

Th subscripts L and R in equation 2 denote the left and right of the active part of 
tlie device when the gas flows from left to right. The fractional temperature difference 
AT/T is rekted to the pressure difference AP/P and the density difference Ap/p as 
AT/T = AP/P - Ap/p. When M«l, the change in density of die gas is negligible le. the 
20 fluid is incompressible and dierefore AT/T = AP/P. Therefore, the temperature 
difference along a streamhne between two points separated by a distance d for the 
incompressible fluid flow for M«l (called regime I) is given by Equation 3 bdow 
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^ iCM| - Ml), (3) 

where AT=Tl - Tr > 0. The gas flo-wing past the flow sensing element is kept at an an^e 
of a with respect to the horizontal axis corresponding to the accelerating flow and 
therefore Mr. > ML The tangential . component of the vdodty of the outer flow u 
depends on tihe streainline distance x measured along the flat boumdaty as given in 
Equation 4 bdow: 

ttoca;«^('^*>. (4) 
In the case of flie device of the present invention, a = tc/4 and flierefore » a xV3. 
For non-rarefied gases, the boundary condition at ihe surfa.ce of the solid is that the 
temperatures of the gas and solid are equal Thns, the temperature difference along the 
streamline in the gas flow will induce a temperature difference in the soHd along the flow 
direction. Tb& temperature di£ference in turn results in a voltage difiference K defined Vl 
- Vr due to the Sedseck effect depicted in equation 5 below: 

V-|To57fiW|-M|). . (5) 

S is the Seebeck coefBdent of the solid and is positive for p-type since maprity and 
ne^tive for n-tj'pe materials. Factor k depends on tlie specific interactions between the 
gas and die solid surface as well as the boundary conditions of the temperature difference 
between the solid and die gas. 

Beyond a certain value of M, (~ 0.2), called regime II, die' density of die gas needs 
to be catered for. This is provided by the foUowing equation 6 given bdow. 
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and hence 

y-^it~^)S{Ml-MlY (7) 

The above eiquations were verified by the experiments discussed in Examples 1 to 4. 
From equation 4, it evident that Mj^^x^'^ and oz {x^-{' df^^ . Therefore, 

5 M^-Mj^ oc M^y where M is the effective average Mach number. Equations 5 and 7, 
therefore, predict that in both regimes I and II, the induced vollage is proportional to AP 
: V = AM?. This is in agreement with the results shown ia Figs. 2 to 4. The slope ^ 
should depend linearly on S:A = kToSy/2 in reg^e I (Eqn. 5). This is the case as shown 
by the plot of the observed values of A (solid drdes) on the known values of S for 
10 dififerent materials (Table 1) in the inset of Fig3. Using the fitted value of lie slope 
(=60K) together with y= 1-404 and To-300K, k turns out to be 0.28- (ui) Equation 5 
predicts that the ratio of the slopes. A, in regime I for flow of argon and nitrogen gases 
in Y(argon)/ y (nitrogen) = 1.2, in agreement with the observed ratio (inset of Fig A). 
Equations 5 and 7 suggest lliat the ratio of slopes in die regions I and 11 of Fig. 4 should 
15 be 7/(y — 1). This compares well with the observed value of 3.44 for argon (filled 
squares). The inset of Fig-2 shows the dependence of measured V ovl the sample length d 
for n-Ge and flow velocity // = 10/?//x The data fit extremely well with the equation 
\/ =z + ai {(1+^ /xi)-/3 - 1}, where m and a2 are fitting parameters and xi = 0.5//?/?? 
(from the sample geometry). Tlie meclianism justifies the dependence on d : from Eqn. 
20 4 for 5 = 450, u2 oc tp/K Therefore K cc [{xi + d)^^^ - x ]. For a= 0 « and 90^, it was 
obs ' hat the voltage is not generated by the gas flow and the signal changes sign for 
a > 90". This observation is understandable from Eqn. 4 which predicts at = ^ R for a 
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= (P^ orthogonal stagnation points for a = 9(P^ and decelerating flow for a < 0^. Another 
outcome of the proposed mechanism is that die voltage generated by the flow of gases 
on the platinxmi metal should be n^Iigible because S Q for platinum. This is indeed the 
case as shown by experiments (see plus signs in Figs. 2 and 3). 



TABLE I. Comparison of the slope for materials with different Seebeck Coefficients 
with respect to Pt 



Sample 




A(nV) 


S (mV/K) 


Reference 


n-Si 


-0.28 


-35697 


-587 




p-Si 


0.14 


14539 


574 


6,5 


n-Gc 


-0.013 


-17576 


-300 


6.5 


SWNT 


0.04 


5389 


20 


3 


MWNT 


0.04 


5538 


20 


7 


graphite 


-0.1134 


-1810 


-8 


8 


copper 


0.0002 


23 


7.4 


6,5 
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